Abstract : We examined vomer morphology using 3-dimensional 3D analysis and investigated the in uence of the surrounding sutures clefts and maxilla on nasal septum vomer morphology. We evaluated 60 patients who visited our institution. Patients underwent lateral cephalometry and cone-beam computed tomography CBCT upon initial examination. Patients with no signi cant differences in cranial growth were selected and divided into 3 groups of 20 : the bilateral cleft lip and palate BCLP , unilateral cleft lip and palate UCLP , and non-cleft Control groups. We investigated vomer and facial morphologies by using 2-dimensional 2D cephalometry and we also determined vomer morphology by using 3D cephalometry. Results were analyzed using Bonferroni multiple comparison, logistic regression analysis, and factor analysis. Vomer morphology was signi cantly different between the 3 groups. Sagitally, the vomer shape was a narrow quadrilateral that tapered at one end in the BCLP group, trapezoidal in the Control group, and intermediate, like a parallelogram, in the UCLP group. The vomer width was signi cantly greater in the BCLP group. P 0.05 . A signi cant difference was only found in the posterior vomer width between the UCLP and Control groups. The vomer volume was signi cantly larger in the BCLP group. The volume in the UCLP group was larger than in the Control group, but this was not signi cant. Factor analysis revealed that vomer morphology could be clearly distinguished between the 3 groups. Cleft-associated differences in the vicinity of the vomermaxilla palatine bone fusion may in uence vomer formation and may cause the differences observed in vomer morphology between the 3 groups. This suggests that cleft and maxillary morphologies may affect nasal septum morphology.
Introduction
The influence of cleft lip and palate CLP on nasal septum morphology, particularly the induction of septal curvature, is well established [1] [2] [3] . The work of Zuckerkandl 4 still remains the de ning work for septal morphology, even after 100 years. The simple model described by
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Zuckerkandl 4 enables coronal viewing of the septum and classi es septal morphology into 3 forms : C, S, or other curvatures. Although septal anomalies were further classi ed by Passow 5 and Ballenger 6 into 12 and 9 types, respectively, the basic concepts remain unchanged.
However, we recently reported that the morphology of the vomer close to the palatal plate differed in fetuses with CLP compared with the morphology seen in non-CLP fetuses 7 . This result suggests that septal morphological changes cannot be explained by curvature classi cations alone.
The nasal septum is located in the midface and forms part of the nasomaxillary complex. This comprises the perpendicular plate of the ethmoid bone superiorly, the vomer inferiorly, and a permanent nasal septal cartilage in the intermediate region 8 . These components grow differently : the nasal septal cartilage is permanent, the vomer grows through membranous ossi cation, and the ethmoidal region grows through endochondral ossi cation. To date, septal morphology has only been evaluated as a whole : no study has either subdivided the septum based on anatomical morphology or investigated its association with surrounding bones. Moreover, most techniques have been limited to 2D analyses [4] [5] [6] [7] [8] .
In this study, we investigated the impact of the cleft and maxilla on nasal septal morphology vomer using three-dimensional 3D imaging in patients with unilateral CLP UCLP and bilateral CLP BCLP , and compared these to a non-cleft Control group.
Material and methods

Subjects
Sixty patients males, n 32 ; females, n 28 who visited our institution were included in this study Table 1 . The patients were divided into 3 groups : the BCLP, UCLP, and non-cleft Control groups. Each group included 20 patients. An initial clinical orthodontic diagnosis was achieved at our orthodontic clinic using a dental cone-beam X-ray CT scanner CB MercuRay, Hitachi Medico Technology, Tokyo, Japan CBCT and lateral cephalometric X-ray system KXO-80 TOSHIBA, Tokyo, Japan . The mean age at imaging was 6.52 years range : 5.50-7.11 years . Patients with uncomplicated CLP and no signi cant differences in cranial growth P 0.73 , as determined by cephalometric measurement of the sella-nasion S-N line, were selected Table 2 . The one-stage method was used for initial rhinocheiloplasty and palatoplasty when patients were 6 and 18 months old, respectively. The push-back method 9 was used for palatoplasty. Alveolar cleft bone grafting was not performed. Patients in the control group were classi ed as skeletal Class . This study was performed after gaining approval from the Medical Ethics Committee of Showa University School of Dentistry approval number 2011-23 .
Measurements
Lateral cephalometric X-rays were performed using a cephalometric radiography system. The following parameters were used : 80 kV tube voltage, 320 mA tube current, 0.2 s. Craniomaxillofacial images were acquired using a CBCT. The following parameters were used : 120 kV tube voltage, 15 mA tube current, 512 slices/scan, 9.6 s acquisition time, 150 mm acquisition range of the P-mode, and 293 µm voxel size.
We measured vomer and facial morphologies by using 2-dimensional 2D cephalometry, 4 linear and 8 angular items. We also determined vomer morphology by using 3D cephalometry, 7 linear and volume items.
Morphometry
Maxillofacial morphometry and its relationship to the vomer were evaluated from lateral cephalometric radiographs. Morphology was traced on lateral cephalometric radiographs by a single examiner. Baseline points Fig. 1-1 were determined as follows. The vomer was roughly square and contacted the maxilla inferiorly and the alisphenoid superiorly. The alisphenoidpterygopalatine fossa intersection point was designated as the vomer superior edge #2 . The alisphenoid-pterygoid process intersection was designated as the posterosuperior vomer edge #3 . polion Po ; #9 menton Me ; and #10 intersection point of the incisive foramen on the palatal plane INC . The intersection point of the alisphenoid and pterygopalatine fossa #2 was determined using the superior edge of the vomer, an established baseline point. The intersection point of the alisphenoid and pterygoid process #3 was determined using the posterosuperior edge of the vomer, an established baseline point. Point #4 was set as the most posterior point of the lower border of the vomer in the Control and UCLP groups. Because the vomer was not fused with the secondary palate in the BCLP group, point #10 was established as the most posterior point of the lower border. Fig. 1-2 . Ba s e l i n e p l a n e s w e re d e t e r m i n e d according to the Downs-Northwestern method. SN plane : sella-nasion plane setting the baseline at the cranial base; FH plane : Frankfort horizontal plane; Palatal plane : plane on the maxilla connecting point #1 and point #4. Fig. 1-3 . Baseline planes were arbitrarily established for the vomer plane: the anterior border plane, which connects points #1 and #2 ; the upper border plane, which connects point #2 and #3 ; the posterior border plane, which connects points #3 and #4 in the control and UCLP groups or points #3 and #10 in the BCLP group ; the alisphenoid plane, which connects points #2 and #3.
These provided baseline points for the upper border of the vomer. Other baseline points were set following the Downs-Northwestern method 10 . Three baseline planes Fig. 1-2 were also set using the Downs-Northwestern method 10 . Four planes were arbitrarily established for the vomer plane Fig. 1-3 . For facial evaluation, 4 items Fig. 2-1 were measured following the DownsNorthwestern method 10 . Eight angular items were also established and measured to evaluate vomer and facial morphologies and their positional relationship Fig. 2-2 . 3D vomer morphology and measurements were analyzed using CBCT data. The editor function of 3D shaded surface display SSD modeling was used to prepare images of the vomer using CB Works 2.0 Hitachi Medico Technology . The maximal anatomical clarity threshold was set at 150 based on a preliminary experiment using a dry skull. The vomer was delineated and a 3D object model was prepared for assessment. Four items were de ned in the sagittal view to measure the major axis of the vomer Fig. 3-1 . Vomer width was measured by de ning 3 items in the horizontal plane Fig. 3 -2 . Volume measurements were performed by transferring the CT data to DICOM and importing this into SimPlant Pro13.0 Materialise . The palatal plane was set as the baseline in the images and was regarded as the boundary between the vomer and maxilla. The anteroposterior analysis range was then determined. The anatomical morphology of the vomer was determined by selecting sagittal, coronal, and horizontal sections and reconstructing these into a 3D image. The vomer volume was subsequently measured.
Statistical analysis
All measurements were compared using the Bonferroni multiple comparison procedure. A P-value 0.05 was considered statistically signi cant. The diagnostic performance, or distinguish- Control and UCLP groups or points #3 and #10 BCLP group ; item O : upperborder length, which is the length of contact between the vomer and sphenoid distance between points #2 and #3 ; and item P: lower-border length, which is the length of contact between the vomer and maxilla distance between points #1 and #4 Control and UCLP groups or points #1 and #10 BCLP group . ing ability, of each measurement item was evaluated using receiver operating characteristic area under the curve ROC AUC for combinations of the BCLP, UCLP, and Control groups. When necessary, the optimum test combination was determined using a multivariate logistic model, and the Logit value was used as a composite function of the tests ; using this function, improvement in differentiation from a single test item was evaluated using ROC AUC. The 3 groups could be clearly identi ed when the AUC was 1.0 and were distinguishable when the AUC was ≥ 0.8.
To investigate the correlation between tests, factor analyses, employing the principle component method and oblique coordinate system conversion, were performed. A factor was considered to be associated with a test item if 0.4.
Results
Measurements
S-N line lengths measured by cephalometric analysis were not signi cantly different between the 3 groups P 0.73 . In addition, cranial growth was not signi cantly affected by the age or sex of the patients in the 3 groups P 0.73 . There was not a large difference in the growth of the cranial maxillary nerve between males and females in the 3 groups, and this did not deviate from the Scammon s curve nerve model data not shown . These results indicated that there was no signi cant difference in cranial growth between the 3 groups. The facial height and angle measurements in each of the 3 groups are presented in Table 2 . Signi cant differences were observed in 10 items : items B-I, K and L. The mean FH Pl-alisphenoid plane item J was greatest in the UCLP group, followed by the BCLP and Control groups ; however, this was not signi cant P 0.10 . Figure 4 presents typical CBCT images of the vomer in the sagittal view. The vomer has a quadrilateral shape and its lower border is continuous with the maxilla in each of the 3 groups. However, the shape of the quadrilateral varied among the 3 groups : it was relatively thin, long, and tapered to a short lower border in the BCLP group ; it was roughly trapezoidal with a The vomer was located higher in both the BCLP and UCLP groups than in the Control group. In addition, the vertical vomer length was greatest in the Control group and shortest in the BCLP group. Furthermore, the anteroposterior length was greatest in the BCLP group and shortest in the UCLP group. The anteroposterior relationship was similar between the BCLP and Control groups. There were no signi cant differences between the 3 groups in the vomer superior edge measurements #2-#3 . Table 3 summarizes the vomer length sagittal view , width horizontal view , and volume. Signi cant differences were observed in 7 items : items M, N, and P-T. The mean upper-border length item O was not signi cantly different between the 3 groups P 0.82 . All vomer width measurements were signi cantly greater in the BCLP group P 0.05 . Although the anterior item Q and narrow-area item R widths in the UCLP group were similar to those in the Control group, these differences were not signi cant. However, there was a signi cant difference in the posterior width item S between the UCLP and Control groups. The vomer volume item T was signi cantly larger 2-fold in the BCLP group and smallest in the Control group ; however, the difference between the Control and UCLP groups was not signicant.
Vomer morphometry
Logistic regression analysis results
The BCLP and Control groups were differentiated by 10 items Pl : plane, AUC : area under the curve, PP : predicted probability, NP : negative probability, and LR ; likelihood ratio. Data in bold represent an AUC 0.8. item D ; AUC 0.8 , FH Pl-anterior border plane item H ; AUC 0.8 , FH Pl-posterior border plane item I ; AUC 1.0 , alisphenoid Pl-posterior border plane item L ; AUC 0.9 , anterior-border length item M ; AUC 0.9 , posterior-border length item N ; AUC 1.0 , lower-border length item P ; AUC 1.0 , narrow-area width item R ; AUC 0.8 , posterior width item S ; AUC 0.9 , and volume item T ; AUC 0.9 . The UCLP and Control groups were differentiated by 3 items Table 4 -2 : the SN-ANS item E ; AUC ≥ 0.9 , lower-border length item P ; AUC ≥ 0.8 , and posterior width item S ; AUC ≥ 0.8 . The BCLP and UCLP groups were differentiated by 6 items Table 4 
Factor analysis results
As per the Eigenvalue variation in the screen test, 4 factors were necessary to distinguish between the 3 groups. We extracted 2 factors based on the correlation between the factors and constituent items Table 5 . These factors were not correlated 0.262 , and the 3 groups were associated with independent factors. The BCLP 0.9 and Control 0.7 groups had opposing correlations with Factor 1, suggesting that these 2 groups can be characterized by this factor. Eleven items were associated with Factor 1 : we found positive correlations for items M, N, Q-T and inverse correlations for items B, H, I, L, and P Fig. 7 . The BCLP 0.455 and UCLP 0.776 groups had opposing correlations with Factor 2, suggesting that these 2 groups were characterized by this factor. In total, 7 items were associated with Factor 2 : positive correlations were found for items E, M, N, Q, R, and T, and an inverse correlation was found for item I Fig. 7 . The BCLP 0.455 and Control 0.327 groups had similar results for Factor 2, suggesting that these 2 groups possessed similar properties with regard to this factor.
Discussion
The upper region of the vomer is connected to the cranial base alisphenoid . Our study demonstrated that no signi cant differences existed in the upper-border length, in the vicinity of vomer-sphenoid fusion, or in the oblique angle in the 3 groups analyzed, and that these had no correlations with vomer morphology. Wang et al 11 separated circumaxillary sutures using an orthodontic device and investigated the resulting effects. They found that the effects decreased as the distance from the maxilla increased, and that there were almost no effects near the cranial base. Jeffery et al 12 reported that tarsier skulls do not adequately re ect this concept. Our study suggested that clefts only reach the cranial base at the point where the superior edge of the vomer fuses to the posterior portion of the cranial base. Visual morphological differences in the vomer were found between the 3 groups. The vomer was a thin, long, tapered parallelogram in the BCLP group and trapezoidal in the Control group. These differences might be attributed to posterior morphological differences of the inferior border. In complete BCLP, there was no fusion with the secondary palatal plate, excluding the premaxilla, and the most posteroinferior vomer border remained close to the incisive suture #10 on the anterior side. Therefore, vomer growth might not have been directed toward the posteroinferior direction and might have been concentrated in the anterior region. In the Control group, the fusion range reached the posterior nasal spine #4 , suggesting that bone continuity fusion was suf cient to direct vomer growth posteroinferiorly. In complete UCLP, unilateral fusion with the secondary palatal plate was observed, although the fusion range lower-border length was signi cantly shorter compared with that in the Control group and signi cantly longer compared with that in the BCLP group. This suggests that the vomer in the UCLP group has an intermediate morphology between those in the BCLP and Control groups. The short upper dental arch length reported by Ye et al 13 supports this.
We expected a positive correlation between the vomer-palatine bone fusion length and vertical vomer height with a significantly greater vomer height in the Control group. However, Pl : plane, AUC : area under the curve, PP : predicted probability, NP : negative probability, and LR ; likelihood ratio. Data in bold represent an AUC 0.8.
no correlation was observed between these items or between facial and vomer height. Facialheight stunting is associated with CLP, and there are reports of narrow upper dental arches, low posterior upper facial and midface heights resulting from the effects of the push-back method 14 .
Despite this, palatal repair has been reported to have no detrimental effects on either the downward displacement of the basal maxilla or palatal remodeling in cases with UCLP 15 . The BCLP group in our study could readily be distinguished from the Control group, but not the UCLP group, based on vomer height. Associations with the 2 factors were also weak. This suggests that vomer height is strongly in uenced by cleft type and surgery. Vomer width differed markedly among the groups but was signi cantly thicker in the BCLP group. The vomer foot plate is defective in CLP fetuses 7 , being round and thick, suggesting congenital vomerial growth differences. Conversely, because the palatine-bone lining base is absent and the anterior-teeth occlusal force has to be supported by the vomer alone, its width Confirmation of data accumulation in each group showed apparent differences in the data collected from the BCLP and Control groups, indicating that these 2 groups could be distinguished from each other on the basis of these results. Fig. 6-2 . Plot showing the lower-border length item P and SN-ANS item E in the 3 groups. Data accumulation in each group was confirmed, and showed that the data clustered in individual groups. There were apparent differences between the BCLP and Control groups. The UCLP and the control groups could be distinguished from each other although the UCLP group data were intermediate and relatively scattered. might gradually increase as the bone thickens in BCLP. In UCLP, this development might be less marked because the region was partially connected to the secondary palate. This assumption is supported by our nding that vomer width and volume were inversely correlated with the lower-border length.
Anteroposteriorly, the vomer was located more posteriorly in the UCLP group than in the other groups. Although insigni cant, with regard to the BCLP and Control groups, the vomerial upper and lower regions were located posteriorly and anteriorly, respectively. Vertically, the vomer was shortest and lowest in the BCLP group based on midface N-ANS and vomer height. The Control group had a high vertical height of the vomer, and BCLP group was short, and UCLP group out that it has the height of its middle. We considered that the vertical height of the vomer is proportional to Facial height. The lower-border palatal plane was more oblique in the UCLP and BCLP groups, with an anteroposterior difference in the vomerial vertical position. Iwasaki et al 16 reported an anterior ANS in a non-cleft group and a superoposterior inclination of the palatal plane in the cleft groups. However, when the cleft group was divided into cases with and without palatoplasty, there was no signi cant difference. Therefore, they concluded that palatoplasty does not cause palatal plane inclination and that this must be a natural tendency. Our results concurred, but it cannot be concluded that inclination is a natural effect Pl : plane, AUC : area under the curve, PP : predicted probability, NP : negative probability, and LR ; likelihood ratio. Data in bold represent an AUC 0.8.
of the cleft itself, because our factor analysis did not show any factor correlation with cleft type. However, it was apparent that the vomer-palatine bone fusion in uenced vertical growth, and we consider that this is likely a result of the combined effects of cleft type and surgery. We found that the vomer position was more anterior in the BCLP group than in the Control group and that its vertical position was the lowest in the BCLP group. Anteroinferior protrusion of the premaxilla is often observed in BCLP cases. In this study, we assumed that the anteroinferior protrusion of the premaxilla anterior to the vomer was an intraoral symptom caused by the low, posterior position of the palatine bone surrounding the premaxilla. In the BCLP group, restricted vertical vomer growth was observed, whereas anteroposterior growth was not restricted in the Control group. We assumed that the palatine bone lost its forward driving-force because of the lack of continuity with the vomer, resulting in anteroposterior hypogrowth. Sarnat 17 stated that the nasal septum is the facial growth-center and discussed various experimental surgical methods. Maxillofacial growth, particularly maxillary growth, is a multifac- torial process involving sutural growth, bone remodeling, and muscular interaction [18] [19] [20] [21] . Many researchers now consider the nasal septum theory as the only logical interpretation ; growth of a jaw face by classi cation of the two-dimensional nasal septum form. Although this study cannot con rm this, our results suggest that the vomer and maxilla are associated with growth. Regression and factor analyses clearly differentiated vomer morphology between the 3 groups, and 2 key factors were indicated : Factor 1 discriminated between and characterized the BCLP and Control groups, and Factor 2 characterized the BCLP and UCLP groups. The UCLP and Table 5 with Factors 1 and 2 were plotted to visualize the correlation of factor structure. The influence of the 2 factors was strongest when the results were close to 1.0 or 1.0. The BCLP and Control groups had opposing correlations, with the boundary set at Factor 1, suggesting that Factor 1 discriminates between BCLP and Control. The BCLP and UCLP groups also had opposing correlations with the boundary set at Factor 2, suggesting that Factor 2 discriminates between BCLP and UCLP. The measurement items that are more strongly associated with discriminating between groups appear close to the BCLP, UCLP, and Control group plots presented on the graph. The 3 groups are clearly distinguishable.
Control groups had the same positive tendency with Factor 1. Further, the lower border presented a strong inverse correlation, suggesting that Factor 1 represents a suture between the secondary palate and vomer. The BCLP and Control groups revealed the same positive tendency with Factor 2. Considering the strong correlation with the primary palatal region premaxilla/ incisive bone ; items E, M, and Q , this factor probably represents the bilateral incisive sutures connecting the primary and secondary palates. However, the BCLP and UCLP groups revealed opposing correlations, whereas the BCLP and Control groups revealed a similar tendency. This suggests that Factor 2 represents a growth factor and growth vector transmitted to the primary palate incisive bone through the suture, indicating that growth direction might have been symmetrical in both of these groups. These 2 factors were in uential, independent, and noncorrelated. Although patients in both the UCLP and BCLP groups underwent cheiloplasty and palatoplasty, correlation of morphometric items with these factors might be attributed to the cleft itself, rather than surgery, because the factors were independent.
Conclusion
Our results suggest that the maxilla and clefts are closely involved in nasal-septum morphology, particularly of the vomer, and that morphological growth varied according to the site and extent of the cleft.
